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Abstract 
To transfer responsibility for a CO2 storage site to the competent authority, the EU Storage Directive 
requires it to be demonstrated that CO2 will be completely and permanently contained and that the storage 
site is evolving towards a situation of long-term stability. As outlined in current EU guidance, there may 
be room for interpretation by both the national competent authority and the storage operator in the 
implementation of this part of the Directive. Here we postulate that, for storage in dipping open aquifers, 
the requirements of the Directive can be met by modelling various combinations of a boundary constraint, 
a migration velocity constraint and a constraint on the minimum fraction of injected CO2 that is likely to 
be trapped at a defined time (1000 or 10,000 years) after injection ceases. A key outcome is that there is a 
strong trade-off between storage efficiency and storage security when storage is maximised under 
different combinations of constraints. To increase confidence in security under all scenarios, modelling 
longer post-injection periods is desirable; however there may be computational limits to this. 
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1. Introduction 
 in large dipping open aquifers, 
where there is no physical barrier to stop lateral migration.  To guarantee storage security, constraints 
must be imposed upon the long-term behaviour of the injected CO2. Current regulations aim to ensure:  
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 that stored CO2 emissions remain isolated from the atmosphere [1, paragraph 27]; 
 a high level of protection of the environment and human health from the risks posed by the geological 
storage of CO2 [1, paragraph 46] 
 
To achieve these aims a condition for the closure of storage operations is that all available evidence 
indicates that stored CO2 will be completely and permanently contained . To meet this 
condition the EU Directive requires the operator to demonstrate [1, article 18(2)]: 
 
 conformity of the actual behaviour of the injected CO2  with the modelled behaviour; 
 absence of any detectable leakage; 
 that the storage site is evolving towards a situation of long-term stability. 
 
 In particular, leakage is defined in EU Guidance Document 3 [2] 2 from the 
Storage C , where t Storage C a  and surrounding 
geological domain which can have an effect on overall storage integrity and security; that is, secondary 
conta  (Figure 1). 
 
It is stated that the evolution towards a situation of long term stability may be indicated when the 
models project eventual stability of the CO2 plume within the storage complex [2, p9]. Furthermore, key 
monitored parameters should be within ranges predicted by models and their rate of change small and 
declining [2, p9]. But it is also recognised that evolution towards long term stability could still result in 
some movement of the CO2 plume [2, p10]. Storage in dipping open aquifers  
 is recognised as a case where the CO2 plume may be migrating laterally at slow rates 
[2, p11] significantly into the future.  
 
In the case of dipping open aquifers it is clear that the criteria for permanent containment are 
somewhat complex and open to interpretation. 
 
 
Figure 1. Schematic for storage definitions  from EU Guidance Document 2 [3] 
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In this work it is postulated that the relevant conditions of the Storage Directive can be met by 
modelling various combinations of a boundary constraint, a migration velocity constraint and a constraint 
on the minimum fraction of injected CO2 that is likely to be trapped at a defined time (1000 or 10,000 
years) after injection ceases. The impacts of imposing these constraints upon storage security and storage 
efficiency are compared, and the feasibility of the required modeling is assessed. 
2. Methodology 
A series of models of CO2 storage in a dipping open aquifer were run, incorporating a selection of 
postulated regulatory constraints to evaluate their impact.  
2.1. Sensitivity to regulatory interpretation 
Three constraints that could be imposed on the migration of CO2 are postulated: 
 
 A boundary constraint: That w% of injected CO2 must stay within a defined boundary (equivalent to 
the storage site in Figure 1) for x years. 
 A CO2 migration velocity constraint: That the maximum velocity of migration of CO2 at year x must 
not exceed y metres/year and also that the velocity is monotonically decreasing after year x. This 
regulation may only apply to the velocity of flow at the outer extent of the CO2 plume. 
 A trapping requirement: That z% of injected CO2 must be structurally / residually / solubility or 
mineralogically trapped at year x. 
Table 1. Modelled scenarios for the postulated regulatory constraints. *UK Storage Appraisal Project constraints 
Scenario Boundary 
constraint 
w 
Time of 
constraints 
x 
Migration velocity 
constraint 
y 
Trapping 
requirement 
z 
Economic constraint  
(per well)  
Pressure constraint 
A 99% 1000 - - minimum 0.1 Mt/year 90% frac pres  
B 100% 1000 - - minimum 0.1 Mt/year 90% frac pres  
C* 99% 1000 10m/yr - minimum 0.1 Mt/year 90% frac pres 
D 99% 1000 6m/yr - minimum 0.1 Mt/year 90% frac pres  
E 99% 1000 2m/yr - minimum 0.1 Mt/year 90% frac pres  
F 99% 1000 - 90% minimum 0.1 Mt/year 90% frac pres  
G 99% 1000 - 95% minimum 0.1 Mt/year 90% frac pres  
H 99% 10000 - - minimum 0.1 Mt/year 90% frac pres  
I 99% 10000 10m/yr - minimum 0.1 Mt/year 90% frac pres  
J 99% 10000 2m/yr - minimum 0.1 Mt/year 90% frac pres  
K 99% 10000 1m/yr - minimum 0.1 Mt/year 90% frac pres  
L 99% 10000 - 90% minimum 0.1 Mt/year 90% frac pres  
M 99% 10000 - 95% minimum 0.1 Mt/year 90% frac pres  
N 99% 10000 - 99% minimum 0.1 Mt/year 90% frac pres  
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With the assumption that at least one boundary constraint is always imposed, in all scenarios, a mixture of 
sensitivities to the parameters w, x, y and z in the definitions above were modeled with different 
constraining parameters (scenarios A to N in Table 1). In addition to the tested constraints, it was 
assumed for all scenarios that pressure is limited during injection to less than 90% of the estimated 
fracture pressure limit. A minimum well injection rate of 0.1Mt/year was also applied as an economic 
constraint.  
 
For the purpose of making estimates of CO2 storage capacity, the UK Storage Appraisal Project [4] 
adopted the set of constraints shown in Scenario C (Table 1). The boundary constraint was motivated by 
discussion in the IPCC Special Report on Carbon Dioxide Capture and Storage [5] which considered it 
likely that, in appropriately selected and managed stores, at least 99% of injected CO2 will be retained 
after 1000 years. The migration velocity constraint of 10 metres/year was motivated by EU guidance [2] 
suggesting that  
Table 2. Model parameters for the dipping open aquifer 
Parameter Value 
Model Dimensions 
Aquifer dip 
Aquifer datum depth (below sea level) 
21.4km x 36km x 170m 
0.27° 
2800m  
Brine salinity 100,000ppm 
Temperature  105°C 
Pressure at datum  32MPa 
CO2 density at datum  660kg/m3 
CO2 viscosity at datum  0.0000546Pa.s 
Brine density at datum  1006kg/m3 
Brine  viscosity at datum  0.000345Pa.s 
Rock compressibility 0.0000489MPa-1 
Porosity (homogenous) 0.16 
Horizontal permeability (homogenous) 
Permeability anisotropy (Kv/Kh)  
145mD 
0.1 
Volume of storage site  2 x 1010 m3 
Volume of storage complex  including additional boundary pore volume 3 x 1011 m3 
Fracture pressure gradient 0.0181MPa/m 
CO2 and water relative permeability functions (drainage and imbibition) Viking 2 dataset, [8] 
Residual CO2 saturation 0.297 [8] 
Capillary Pressure function Viking 2 dataset, [9] 
Relative permeability hysteresis model 
Number of cells 
Horizontal resolution 
Vertical resolution 
Injection period 
Carlson model [10] 
300,300 
500m x 500m 
0.5m-1m at top increasing to 9m at the base 
50 years 
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2.2. Simulation setup 
The models and simulations were constructed in ECLIPSE 100 TM using parameters representative of a 
North Sea dipping open aquifer (Table 2). Dissolution of CO2 into the brine phase and vaporisation of 
water into the gas phase were both modelled and the model assumed isothermal. All density, viscosity 
and phase partitioning values were calculated using black oil PVT tables generated using the TOUGH-
2TM ECO2N module [6]. Dissolved and residually trapped CO2 volumes were calculated as described in 
Goater et al. [7]. To calculate the storage capacity of models under different regulatory scenarios, 
injection rates and well locations were optimised as described in Goater et al. [7]. Mineral trapping was 
not modelled and there was no structural trapping due to a smooth topography. 
 
In addition to being representative of a North Sea dipping open aquifer, the permeability and aquifer 
dip were chosen so that the characteristic migration velocity for high saturation CO2 was between 
2m/year and 10 m/year - as set in Table 1. This allowed us to show scenarios where, under regulation, 
high saturation, mobile, unconfined CO2 could be stored under the migration velocity constraint as well as 
cases where it could not. The characteristic migration velocity of this model was estimated at 5.4 m/year, 
using an analytical method [11]. 
3. Results 
Figure 2 shows the model and distribution of CO2 where storage is maximised at 1000 years under 
Scenario C (Table 1). In all cases the trapped proportion of CO2 and the storage efficiency were recorded 
to assess the impact of the different postulated regulatory constraints. The run-time of simulations was 
also recorded as a measure of the modelling feasibility of the different scenarios. These results are 
tabulated in Appendix A. 
 
 
Figure  2.  CO2 saturation profile in the top layer of the storage site model at 1000 years, under Scenario c. The black dots show well 
placements. 
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3.1. Storage Efficiency
Figure 3 shows that the regulatory constraints can have a significant impact upon the storage efficiency
of an aquifer, with efficiencies varying from 0 - 3.3% of the pore volume.  In scenarios A to D higher 
efficiencies were achieved because significant volumes of mobile, slowly migrating CO2 could be stored. 
This was because the characteristic migration velocity of high saturation CO2 was 5.4 m/year, beneath
both the 6 m/year and 10 m/year constraints. However, when the velocity constraint is reduced to 2
m/year (Scenario E) and the economic constraint is also followed, none of the injected CO2 can meet the
required constraint and thus storage efficiency is reduced to 0%. In the Scenarios constrained at 10000
years, CO2 saturation is closer to the residual saturation and migrating more slowly at this time, so it is
possible to have all CO2 moving at velocities below 2 m/year giving non-zero storage efficiency. 
However, we see here that to meet the boundary constraint, storage efficiency at 10000 years is notably
lower.
Scenarios with a trapping requirement generally show reduced storage efficiencies compared with the
velocity constrained cases, as the trapped proportions under the velocity limited cases were lower than
our trapping requirements. For increased trapping requirements we see reduced storage efficiencies and
again we see that above certain levels it is not possible to meet some requirements at some times. The
implication of lower efficiencies is to reduce the revenue made from a licensed storage area. 
Figure 3. Storage efficiency under different regulatory constraints
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3.2. Storage Security
In each scenario it was assumed that demonstrating that injection meets the constraints of a particular 
scenario represents a sufficient modelling effort to prove long-term stability. Therefore we assume that 
modelling beyond the time-frame of the constraint will not be undertaken to meet regulatory guidance and
use the trapped proportion of CO2 within that time-frame as a measure of storage security. Here trapped 
refers to the combination of residual and dissolved CO2 (there is no structural or mineral trapping in our 
models). Larger proportions of un-trapped CO2 mean there is a larger amount of mobile CO2 migrating at 
times beyond the time constraint. We infer that this greater amount of mobile CO2, migrating after the 
model constraint, means poorer modelled security or confidence in security. Thus trapped proportion is
our measure of storage security and confidence.
Figure 4 shows the trapped proportion of CO2 under the various regulatory constraints. It can be seen 
that storage security improves (trapping proportion increases) with decreasing migration velocity and
increasing trapped proportion. Higher securities can be achieved by setting the time constraint at 10000
years rather than 1000 years. When combined with the economic constraint some of the scenarios cannot
be met and the postulated injection could not be approved (described as no CO2 injected in Figure 4).
Figure 4. The proportion of injected CO2 trapped residually or by dissolution in models where CO2 injection was maximised under 
different regulatory constraints. 
Next we evaluate the migration velocity constraint and trapping requirement in terms of their
effectiveness at ensuring secure storage.
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Firstly, consider the boundary constraint with and without the migration velocity constraint. The 
primary weakness is that these combinations do not explicitly constrain how much CO2 ultimately 
remains in the storage site. Using the migration velocity alone as an indicator of future migration will not 
provide a good estimate of security. For example in Scenario A we see 15% of the total CO2 leaving the 
storage site at a later time. Although the CO2 may stay within the Storage Complex, it may pose the 
regulator with more risk than planned. One way to mitigate this disadvantage might be by modelling to 
later times. However, it may not be appropriate to set a specific time, universal to all projects, because the 
time it takes for the CO2 plume to stabilise is site-specific, depending for example on characteristics such 
as permeability. In a low permeability aquifer modelling may be required for a significantly longer period 
to determine the final location of the CO2. Despite this, the migration velocity constraint does at least 
provide an indication of behaviour after the constraint time. 
Next, we consider the boundary constraint combined with the trapping requirement. The strength of 
this constraint is its explicit constraint on how much CO2 ultimately remains in the storage site. A 
weakness that our implementation of the trapping requirement shares with the velocity constraint is its 
timing. Figure 4 shows that due to the time scale adopted, certain trapping requirements cannot be met. 
To conclude the comparison, we note that under a migration velocity constraint, combined with a 
boundary constraint, mobile, unconfined CO2 can remain during and after the regulated period. This may 
be considered vulnerable to leakage via undetected or distant migration pathways long after monitoring 
ceases.  In contrast, under a trapping requirement the expected amount of mobile, unconfined CO2 is 
restricted after the defined period.  In consequence, the long-term risk transferred to the competent 
authority might be greater when a migration velocity constraint is used rather than a trapping requirement. 
However, it is expected that a low risk from mobile CO2 could also remain under a trapping requirement 
until some relatively distant date (e.g. 10000 years). The risk could be minimised by setting an early date 
for a trapping requirement. One way this could be achieved in an open aquifer is to enhance residual 
trapping during the operational stage, for example by intermittently injecting water.   
3.3. Simulation runtime 
It has been highlighted that running models further into the future provides better defined predictions 
of security. A difficulty associated with running models further is long runtimes (Appendix A). For these 
we were able to reduce resolution towards the bottom surface of the aquifer, due to assumed 
homogeneity, but for real aquifers this may not be appropriate and more resolution (and runtime) may be 
required. Excessive runtimes may make running ensembles of large-scale models over longer time 
periods prohibitive. When considering the need to model to later times, the computational feasibility may 
need to be considered. 
4. Discussion and Conclusions 
Different scenarios for the regulatory constraint of post-injection CO2 behaviour in dipping open 
aquifers have been investigated to assess their impacts. A boundary constraint, migration velocity 
constraint and a trapping requirement have been assessed and advantages and disadvantages identified. 
These, along with a mutual difficulty with computational run-times, pose a trade-off and limitation for 
modelling and regulation. First, our models have demonstrated the benefit of modelling the longest 
possible time-scales, to provide more confidence in storage security. For example, in one case where the 
constraint is applied at 1000 years, less than 1% of the injected CO2 leaves the storage site, but modelled 
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to 10000 years it turns out that 15% of the total would leave. However, modelling longer time periods 
may be computationally difficult for high resolution, realistic models when many realisations are 
required. Second there is a strong trade-off between the storage efficiency and storage security provided 
under different constraints. This trade-off involves balancing lower operational costs but higher 
uncertainty under lenient guidelines, against higher costs with lower uncertainty under stricter guidelines. 
In the cases considered here, the migration velocity constraint is more lenient than the trapping 
requirement, in particular as it allows more mobile CO2 to remain within the modelled period. In addition, 
it is noted that the purpose of a migration velocity constraint is not as clear as a trapping requirement, 
which may be easier to prescribe. The appropriate choice between the guidelines considered or other 
guidelines will depend upon the trade-off between all these issues, as desired by the regulator. This will 
influence the operational cost of CO2 storage and the associated longer term risk. 
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Appendix A. Sensitivity results 
Scenario Boundary 
constraint 
Time of 
constraints 
Migration 
velocity 
constraint 
Trapping 
requirement 
Trapped 
proportion 
Storage 
efficiency 
Proportion of 
CO2 outside 
storage site at 
10000 years 
Simulation 
runtime (not 
including 
optimisation) 
A 99% 1000 - - 79.7% 3.3% PV 14.8% 26.9 hours 
B 100% 1000 - - 80.5% 2.5% PV 11.1% 23.6 hours 
C 99% 1000 10m/yr - 79.7% 3.3% PV 14.8% 26.9 hours 
D 99% 1000 6m/yr - 80.4% 2.6%PV 12.7% 23.6 hours 
E 99% 1000 2m/yr - - 0% PV - - 
F 99% 1000 - 90% 90.0% 0.4% PV 0.2% 3.8 hours 
G 99% 1000 - 95% - 0% PV - - 
H 99% 10000 - - 91.6% 1.0% PV 0.3% 10.2 hours 
I 99% 10000 10m/yr - 91.6% 1.0% PV 0.3% 10.2 hours 
J 99% 10000 2m/yr - 91.6% 1.0% PV 0.3% 10.2 hours 
K 99% 10000 1m/yr - - 0% PV - - 
L 99% 10000 - 90% 91.6% 1.0%PV 0.3% 10.2 hours 
M 99% 10000 - 95% 95.9% 0.4% PV 0.2% 5.3 hours 
N 99% 10000 - 99% - 0% PV - - 
 
 
 
